T
he clinical significance of ocular angiogenesis is enormous, largely because of choroidal neovascularization (CNV) in age-related macular degeneration (AMD) (1) (2) (3) , which is the chief cause of irreversible loss of vision in elderly patients in the western hemisphere. CNV involves abnormal vessel growth from the choriocapillaris through Bruch's membrane resulting in hemorrhage, scarring, exudation, and͞or retinal detachment, with the ultimate consequence of a severe loss of high-acuity central vision. The molecular mechanisms involved in the development of CNV are not well defined, but the need for effective therapies to prevent and treat CNV is augmented with an increase in the population of people over the age of 65 years.
AMD is a progressive, multifactorial, polygenic disease with poorly understood etiology. Early stages of the disease are typically termed ''dry'' AMD and are associated with the macular accumulation of extracellular deposits (drusen) below the retinal pigment epithelium (RPE) on Bruch's membrane. Geographic atrophy develops in the later stages of dry AMD and is characterized by macular loss of RPE and photoreceptor cells. Advanced-stage disease or ''wet'' AMD is characterized by CNV. Oxidative damage has long been suspected of contributing to AMD (4, 5) , supported by indirect evidence that smoking significantly increases the risk of AMD (6) and that antioxidant vitamins and zinc can slow the progression of the disease for select individuals (7) . Several laboratories have recently shown an association between variants in the complement factor H gene and susceptibility to AMD (8) (9) (10) (11) (12) , implicating inflammatory processes in the pathophysiology of the disease (13, 14) . In addition, the recent observation that aged mice exhibiting the apolipoprotein E4 genotype develop a full range of AMD-like pathologies, including CNV, when fed a high-cholesterol diet suggests that lipid oxidation in combination with genetic and environmental factors might contribute to AMD (15) . Our previous proteomic study of drusen established a molecular link between oxidative damage and AMD (16) and demonstrated elevated oxidative protein modifications in AMD tissues. Specifically, 2-(-carboxyethyl)pyrrole (CEP), a unique protein modification derived from the oxidation of docosahexaenoate (DHA)-containing lipids, was found to be more abundant in AMD compared with normal ocular tissues (16) and was localized in Bruch's membrane between the blood-bearing choriocapillaris and RPE. The outer segments of the photoreceptors contain high concentrations of polyunsaturated fatty acids (PUFAs), especially DHA, in the membranes and are exposed to relatively high oxygen tension, close to that found in arterial blood. The photooxidative environment in the retina and the DHA-rich photoreceptor outer segments provide a ready source of reactive oxygen species for generating oxidative modifications. Given the well known susceptibility of PUFAs to undergo oxidation in the presence of oxygen or oxygen-derived radical species, as well as our additional observation of elevated levels of CEP adducts and CEP autoantibodies in AMD plasma (17) , we hypothesized that these oxidative protein modifications may be a primary catalyst in drusen formation and may possibly play a role in the development of CNV in AMD (16) . Here we provide compelling evidence that CEP protein modifications induce angiogenesis in vivo and augment laser-induced CNV in a mouse model.
Results

CEP-Induced Angiogenesis in Chicken Embryo.
The potential consequence of CEP-modified human serum albumin (CEP-HSA) on angiogenesis was examined by using the chick chorioallantoic membrane (CAM) assay. The angiogenic response to methylcellulose discs containing 0.17 g (n ϭ 4), 0.3 g (n ϭ 3), and 3.3 g (n ϭ 4) of CEP-HSA or unmodified human serum albumin (HSA) (n ϭ 8) was analyzed. The protein preparations were analyzed for endotoxin and were determined to be free of contamination (data not shown). Representative results from these CAM assays are depicted in Fig. 1 . CEP-HSA (Fig. 1b) induced sprouting of new blood vessels that appeared to be tortuous and leaky when perfused with india ink. The average skeletal density of CAM vessels with 0.17 g of CEP-HSA was Ϸ3.1. Unmodified HSA (0.5 g) did not show this effect (Fig. 1a) , with quantitation revealing a lower background skeletal density of Ϸ2.5. VEGF (20 ng) was used as a positive control (Fig. 1c) and showed an average skeletal density of Ϸ3.1 in the CAM assay. CEP-HSA (0.17 g) induced a maximal response compared with minimal or absent response with HSA at doses up to 0.5 g. The angiogenic response of 0.17 g of CEP-HSA (2.4 pmol) was similar to the half-maximal response of VEGF at a dose of 20 ng (0.7 pmol).
CEP-Induced Angiogenesis in Rat Cornea.
The results from the CAM assay were confirmed and extended in rats by using an additional in vivo angiogenesis assay, the corneal micropocket assay. Pellets containing CEP-HSA (1 g) (Fig. 2d) or CEP-modified acetylGly-Lys-O-methyl ester (CEP-dipeptide) (37 ng) ( Fig. 2f ) when implanted 1 mm from the limbus of rat cornea stimulated the growth of limbal blood vessels toward the pellet. The newly formed capillaries reached the pellet by day 7 in all of the animals implanted with 1 g or more of CEP-HSA (n ϭ 5) or 37 ng or more of CEP-dipeptide (n ϭ 7). Notably, unmodified HSA (1 g; n ϭ 3) (Fig. 2c ) or dipeptide (41 ng; n ϭ 6) ( Fig. 2e ) did not induce this effect. Pellets containing no protein or peptide were used as a negative control (Fig. 2a) , and VEGF pellets (100 ng) ( Fig. 2b ) generated the positive control. A statistically significant increase in peak vessel extensions was observed in response to CEP-HSA (Ϸ2.7 fold) or CEP-dipeptide (Ϸ3.1 fold) when compared with unmodified parent molecules (Fig. 2g ).
Neutralization of CEP-Induced Angiogenesis with Anti-CEP but Not
Anti-VEGF Antibodies. To confirm that the angiogenesis was induced by CEP modification of HSA, pellets were prepared by premixing anti-CEP antibody or anti-VEGF antibody and CEP-HSA. The monoclonal anti-CEP antibody almost completely inhibited the formation of new blood vessels from CEP-HSA implants ( Fig. 3d ) in the corneal micropocket assay. Neutralizing VEGF antibody only partially inhibited the CEP-HSA-induced neovascularization response ( Fig. 4 a, b , and e) while completely inhibiting VEGFinduced response ( CEP Adducts Do Not Stimulate VEGF Secretion in Vitro. Our initial interest in the angiogenic potential of CEP adducts was raised by reports that another type of oxidized protein modification, namely advanced glycation end products, stimulate angiogenesis in vivo (18) and induce VEGF secretion in vitro (19, 20) . To explore whether CEP adducts influence VEGF secretion in vitro, human RPE cells were treated with CEP-dipeptide (0.1-10 M) and VEGF protein in the cell culture supernatant quantified by ELISA. CEP-dipeptide-treated primary RPE cells or ARPE19 cells did not exhibit increased VEGF in the growth media relative to the unmodified dipeptide or media alone (Fig. 6 , which is published as supporting information on the PNAS web site). ARPE19 cells treated with CEP-HSA (0.1-10 M) also exhibited no increase in VEGF secretion (data not shown).
Discussion
CEP protein adducts belong to a family of 2-(-carboxyalkyl) pyrrole adducts generated from the oxidation of PUFAs (21) . For example, oxidative fragmentation of linoleic acid or arachidonic acid can generate 2-(-carboxyheptyl)pyrrole or 2-(-carboxypropyl)pyrrole adducts, respectively. The phosphatidylcholine esters of the oxidatively truncated PUFA progenitors of these adducts are biologically active and present in atherosclerotic plaques (22) (23) (24) (25) . However, whereas 2-(-carboxypropyl)pyrrole or 2-(-carboxyheptyl)pyrrole protein adducts can also arise from oxidation of other common PUFAs, CEP protein adducts uniquely are generated from oxidation of DHA (26) . Although rare in most human tissues, DHA accounts for Ϸ80 mol% of the polyunsaturated lipids in photoreceptor outer segments (27) . The abundance of DHA in photoreceptors and the high photooxidative stress in the retina, as well as the fact that DHA is the most oxidizable fatty acid in humans, all contribute to the higher levels of CEP adducts in AMD. Interestingly, CEP immunoreactivity and CEP autoantibody titer are also significantly elevated in plasma from AMD donors (17) and may be of diagnostic utility as biomarkers for predicting AMD susceptibility. Other oxidative modifications, such as advanced glycation end products, generated from oxidized carbohydrate products also accumulate during aging (28, 29) , especially in the choriocapillaris, Bruch's membrane (28) , and CNV membranes (30) . Several studies have shown that advanced glycation end products can stimulate the proliferation of choroid endothelial cells, the expression of matrix metalloproteinase type 2, and growth factors such as VEGF (31) and angiogenesis in vivo (18) . The present study demonstrates that CEP adducts stimulate angiogenesis in the CAM and corneal micropocket assays and exacerbate CNV in a mouse model. These results, coupled with the elevated levels of CEP adducts in AMD tissues, strongly suggest that CEP may play a role in the development of the wet (exudative) form of AMD. However, the molecular mechanism by which CEP induces angiogenesis has not yet been determined. An indirect mechanism for in vivo CEP stimulation of angiogenesis might be that CEP induces the release of angiogenic factors such as VEGF or basic FGF by epithelial cells or inhibits the secretion of angiogenesis inhibitors that might contribute to the induction of angiogenesis. The ability of VEGF-neutralizing antibody to only partially block CEP-HSA-induced angiogenesis in vivo and the lack of increase in VEGF secretion in RPE cells exposed to CEP-dipeptide or CEP-HSA suggest the utilization of additional VEGF-independent pathways. Anti-VEGF therapies with recombinant humanized anti-VEGF monoclonal antibody or aptamer are being evaluated as promising treatments for CNV (32) (33) (34) (35) . Additional studies are needed to determine whether CEP modifications of proteins play a critical role in the development of CNV in AMD and whether CEP neutralization modalities will be effective independently or as a complement to anti-VEGF therapies for the inhibition of CNV in AMD.
Methods
Synthesis of CEP-Modified Proteins and Peptides.
Unambiguous production of CEP was established by using the ␥-ketoaldehyde 4,7-dioxoheptanoic acid as described previously (26) . Paal-Knorr condensation of 4,7-dioxoheptanoic acid with HSA and with the dipeptide acetyl-Gly-Lys-O-methyl ester was used to generate CEP-HSA and CEP-dipeptide, respectively, which were characterized by mass spectrometry and NMR as described previously (26) . Pyrrole concentration was determined by Ehlrich's assay with 4-(dimethyamino)benzaldehyde and absorbance at 570 nm. Protein was quantified by amino acid analysis (36) and the Bradford protein assay.
CAM Angiogenesis Assay. The CAM assay was performed as described previously (37) with slight modifications. Fertilized 3-dayold white Leghorn eggs (Case Western Reserve University, Squire Valley Farms) were cracked, and embryos with the yolk intact were placed in 100-mm ϫ 20-mm glass-bottom Petri dishes. After incubation for 3 days at 37°C in 3% CO 2 , a methylcellulose disk (Fisher Scientific, Fair Lawn, NJ) containing CEP-HSA or CEPdipeptide was placed on the CAM of individual embryos. CAMs implanted with discs loaded with unmodified dipeptide, HSA, control buffer, or VEGF were used as negative and positive controls, respectively. After 48 h of incubation, india ink was injected into the vascular system for better visualization of the vessels by a stereomicroscope. Images were captured with a CCD camera (Panasonic, Secaucus, NJ). Samples were always compared on the same CAM to avoid egg-to-egg variability. For quantitative analysis of vessel density and leakage, CAM images were batchprocessed by using customized macros generated in Image-Pro Plus 5.0 (Media Cybernetics, Silver Spring, MD). Briefly, a region of interest was traced around grafted tissue in each image, and each image was then cropped to its region of interest, converted to grayscale, and processed by using a large spectral filter to enhance the appearance of vasculature while omitting presence of larger vessels (determined by filter width). For skeletal density and vessel leakage measurements images were skeletonized by using morphological filters (pixels representing branch points were excluded to divide vasculature into distinct vessel segments). Lengths of skeletal segments larger than five pixels (delineating vessels) were summed and divided by total graft area for skeletal density. Conversely, skeletal segments smaller than five pixels were summed for vessel leakage measurement. (17)] were inserted into corneal micropockets (1 mm from the limbus) of Sprague-Dawley rats. Control mouse IgM (4 g) (eBioscience, San Diego, CA) and mouse IgG (1.5 g) (Southern Biotechnology Associates, Birmingham, AL) antibodies were used in control pellets for comparison with anti-CEP and anti-VEGF antibodies, respectively. Corneas were examined daily with the aid of a surgical microscope to monitor angiogenic responses to CEP-modified peptide or proteins. To photograph the angiogenic response, animals were perfused with india ink to label the vessels, and after enucleation and fixation the corneas were excised, flattened, and photographed. A positive neovascularization response was recorded only if sustained directional in-growth of capillary sprouts and hairpin loops toward the pellet was observed. A negative response was recorded when either no growth was observed or only an occasional sprout or hairpin loop showing no evidence of sustained growth was detected. All responses were compared with a negative control (pellet and pellet-containing buffer) and positive control of VEGF. For neutralization studies, responses were compared with a negative control of nonspecific mouse Ig. Angiogenic response was analyzed for peak vascular extension and total skeletal (vascular) length by using Image-Pro Plus 5.0. Before performing vessel measurements images were processed by using best-fit equalization filters, spectral filters, and large pixel-width background removal filters to enhance vasculature and eliminate image artifacts. For total skeletal length measurements, processed images were skeletonized, summing pixel lengths of resultant skeletal segments. To determine peak vessel extension, processed images were thresholded for vasculature, filling in holes between adjacent vessels by using morphological filters. The resulting image, a single segmented object representing the overall dimensions of the vascular bed, was analyzed for maximum boxwidth, i.e., extent of vessel penetration.
Laser-Induced CNV Assay. Laser photocoagulation-induced rupture of Bruch's membrane was used to generate CNV as previously described (38) . Briefly, 4-to 5-week-old C57BL͞6J mice were anesthetized with ketamine hydrochloride (100 mg͞kg of body weight) and xylazine (10 mg͞kg of body weight) followed by 1% Tropicamide (Alcon Laboratories, Fort Worth, TX) for pupillary dilation. Three burns of 532-nm diode laser photocoagulation (50-m spot size, 0.1-s duration, 200 mW) (Oculight, Iridex, Mountain View, CA) were delivered to each retina by using a slit lamp delivery system and a handheld coverslip as a contact lens. Burns were performed in the 9, 12, and 3 o'clock positions of the posterior pole of the retina. Production of a bubble at the time of lasering indicated a successful burn. Experiments were performed to investigate the effect of subretinal injections of PBS (1 l), MSA (1 g), CEP-MSA (1 g), or VEGF (20 ng) on laser-induced CNV. Animals were injected immediately after laser injury in the upper half of the retina between the burns (bubbles). Subretinal injections were also performed on mice not subjected to laser injury as a control. Two weeks later, mice were anesthetized and perfused with fluorescein-labeled dextran (2 ϫ 10 6 average molecular weight) (Sigma-Aldrich, St. Louis, MO), choroidal flatmounts were prepared, and CNV area was measured as described previously (38) . Five mice were used for each group with three burns in each eye (n ϭ 15-18 successful burns in each group). For quantitative analysis of lesion intensity and size, CNV images were batchprocessed by using a custom macro generated in Image-Pro Plus 5.1. For each image, a region of interest was traced around the lesion by using a wand tool (a manual trace was performed in a few cases where the lesion was not significantly brighter than the background). Mean intensity (range between 10 and 255 gray levels), perimeter, area, and mean diameter (pixels) were calculated for each region of interest and exported to Excel (Microsoft, Redmond, WA). Analyses were performed by a blind observer to eliminate user bias.
Cell Culture Conditions and VEGF Secretion Assay. Human ARPE19 cells were cultured in DMEM͞F-12 medium, and human primary RPE cells from three different donors of ages 9, 55, and 82 years (kind gift from Janice Burke, Medical College of Wisconsin, Milwaukee, WI) were cultured in MEM, with Earle's salts and L-glutamine supplemented with 10% FBS, 100 units͞ml penicillin, and 100 g͞ml streptomycin. Confluent cultures in 24-well plates were starved for 1 day with serum-free medium before incubating with CEP-dipeptide (0.1-10 M) and unmodified dipeptide (as controls). The CEP-dipeptide and controls were quantified by amino acid analysis (36) . Supernatant medium was collected to measure VEGF secretion by using an ELISA according to the manufacturer's protocol (R & D Systems). Concanavalin (50 g͞ ml) was used as a positive control for VEGF stimulation.
Statistical Analysis. Data are presented as mean Ϯ SD. The statistical significance of differential findings observed between experimental and control groups was determined by using one-way ANOVA or Student's t test and considered to be significant if P values were Ͻ0.06.
